This paper reports the biochemical properties of two types of recombinant flap endonuclease-1 (FEN-1) proteins obtained from the thermophilic crenarchaeon, Sulfolobus tokodaii strain 7. One of the two FEN-1 proteins is a product of the gene with AUG as the translational start codon (StoS-FEN-1), which is originally assigned in the database. The other is a product of the gene with a new AUG start codon (StoL-FEN-1), which is inserted at 153 bases upstream of the original AUG codon. Although StoL-FEN-1 showed activity and thermostability, StoS-FEN-1 showed neither activity nor thermostability. The N-terminal region in StoL-FEN-1 was also conserved in all of the FEN-1 homologs deduced from genes from newly isolated Sulfolobus spp. These results strongly suggest that the actual start codon of the fen-1 gene from S. tokodaii is not the originally assigned AUG, but rather is located at about 100 bases upstream of this codon.
Flap endonuclease-1 (FEN-1) is a structure-specific endonuclease that plays an essential role in DNA replication and repair processes. 1, 2) This enzyme recognizes a unique DNA structure called overlap-flap structure, and it cleaves off the 5 0 -flap in the structure. The overlap-flap structure is a structure made up of three DNA strands: two DNA strands are annealed to different but contiguous regions of the remaining DNA strand with the 5 0 -region of one of the former two strands (the one situated downstream of the other), and the 3 0 -region of the other of the former two strands (the one situated upstream of the other) left unannealed as 5 0 -and 3 0 -flaps respectively. Furthermore, FEN-1 has a proliferating cell nuclear antigen (PCNA) binding motif in its C-terminal region. It is believed that, with PCNA working as a mediator, FEN-1 works in collaboration with DNA polymerase and ligase in cells.
3) The DNA replication mechanism in archaea is similar to that in eukaryotes, and many common DNA replication enzymes, including FEN-1, have been found in both biological domains. 4) The situation is slightly different in bacteria. For example, bacterial DNA polymerases also carry FEN-1 activity, 5) and no particular proteins that are specific to FEN-1 activity appear to exist, in contrast with the fact that FEN-1 and DNA polymerases are clearly distinct proteins in eukaryotes and archaea. 6) Cloning of fen-1 has been done for a number of thermophilic and hyperthermophilic archaea, and the activities and specificities of their translated proteins have been studied, but most studies have dealt with Euryarchaeota such as Pyrococcus horikoshii, P. furiosus, Archaeoglobus fulgidus, and Methanococcus jannaschii. [7] [8] [9] [10] But only a few studies have been reported so far about fen-1 from Crenarchaea, the other major kindom in Archaea. 11, 12) Sulfolobus is a typical aerobic thermophilic crenarchaeon, inhabiting sulfurous springs and solfatara almost all over the world. Compared with other thermophilic archaea such as Pyrococcus and Archaeoglobus spp., Sulfolobus spp. do not require severe growth conditions, such as anaerobic or high-pressure conditions. Sulfolobus tokodaii strain 7 (JCM 10545 T ) is a crenarcheon isolated from Beppu Hot Springs (Oita, Japan), 13) and its whole genome sequence has been determined. 14) The sequences of the S. tokodaii strain 7 hypothetical fen-1 gene and its deduced amino acids taken from the database are shown in Fig. 1A . In the database, the start codon is assigned to AUG at 319-321 (according to the numbering in Fig. 1 ). S. tokodaii FEN-1 (StoFEN-1) has a deduced molecular weight of 34.3 kDa (304 aa). This value is, however, remarkably small when compared with the 45.8 kDa of Aeropyrum pernix FEN-1 (A. pernix is another crenarchaeon). The deduced molecular weight of StoFEN-1 is also smaller than those of euryarchaeal FEN-1: 38.7 kDa (340 aa) for PfuFEN-1, 15) 41.0 kDa (343 aa) for P. horikoshii FEN-1 (phFEN-1), 7) and 38.1 kDa for A. fulgidus FEN-1 (Afu-FEN-1). 16, 17) According to alignment analysis, the putative StoFEN-1 protein lacks about 40-50 amino acids in its N-terminal region. Interestingly, fen-1 of S. tokodaii strain 7 has a sequence that has high similarity (when translated) to the approximately 50-amino-acid sequence in the pre-ATG region (166-318 according to the numbering in Fig. 1 ). In fact, also based on homology search results, Swiss-prot presents a StoFEN-1 primary structure including most of these amino acids (351aa in total) (EMBL/DDBJ/GenBank accession no. Q976H6).
Here we report the results of activity and thermostability measurements for StoFEN-1, the isolation of new Sulfolobus spp. strains (and some Thermoplasma spp. strains for comparison), and sequencing of their FEN-1 homologs. Thermoplasma spp. is an euryarchaeon living in acidic high temperature environments, like Sulfolobus spp., and its complete genome sequence has been reported. 18) For the activity and thermostability measurements, two types of recombinant StoFEN-1 were examined: For one recombinant, AUG at 319-321 (according to the numbering in Fig. 1 ) was used as the translation start codon (this recombinant will be referred to as StoS-FEN-1, for S. tokodaii short type FEN-1). For the other recombinant, new AUG was inserted upstream of the pre-ATG region to bring it about that the product protein had new amino acids from the pre-ATG region in its N-terminal region (this recombinant will be referred to as StoL-FEN-1, for S. tokodaii long type FEN-1). It turned out that StoS-FEN-1 lacks FEN-1 activity and thermostability, whereas StoL-FEN-1 has reasonable activity and thermostability. This finding indicates that amino acids, if any, from the pre-ATG region are necessary for the activity and thermostability of StoFEN-1. Furthermore, the finding strongly suggests that the true translation start codon in Sto-fen-1 is not the AUG codon assigned previously, but lies upstream of this codon. Sequence alignment revealed high similarity in the pre-ATG region as well as in the post-ATG region between S. tokodaii strain 7 and newly isolated Sulfolobus species, supporting the idea that some portion of the pre-ATG region is also translated and that these additional amino acids are essential for the activity and thermostability of StoFEN-1.
Materials and Methods
Cloning of StoS-and StoL-fen-1 genes. A genomic clone of S. tokodaii strain 7 was provided by the National Institute of Technology and Evaluation (NITE) Biological Resource Center (Kisarazu, Chiba, Japan). Two forward and one reverse primer were designed based on the S. tokodai genome sequence ( Table 1) . The primer pair STfen-F1 and STfen-B1 was used to obtain the gene for StoS-FEN-1, and the pair Sulfo-L-F1 and STfen-B1 for StoL-FEN-1. The forward and reverse primers have NdeI and XhoI sites, respectively (underlined in Table 1 ). PCR amplification was done using KOD plus DNA polymerase (Toyobo, Osaka, Japan) with the following program: one cycle of 94 C for 2 min, 30 cycles of 94 C for 30 s, 50 C for 30 s, and 68 C for 60 s, and one cycle of 68 C for 5 min. PCR products were purified using a QIAquick PCR Purification Kit (Qiagen, Valencia, CA). The purified products were digested with NdeI/XhoI (New England Biolabs, Beverly, MA) and ligated into the NdeI/XhoI site of pET-22b (Merck, Darmstadt, Germany) using a Ligation high kit (Toyobo). The constructs incorporating StoLfen-1 and StoS-fen-1 are designated pET-StoLFEN-1 and pET-StoSFEN-1 respectively in the following.
Expression and purification of StoS-and StoL-FEN-1. Cells of Escherichia coli Rosetta (DE3) (Merck) harboring pET-StoLFEN-1 or pET-StoSFEN-1 were grown at 25 C to an optical density of 0.5 at 600 nm in 200 ml of Luria-Bertani medium supplemented with ampicillin (100 mg/ml). Isopropyl-1-thio--D-galactopyranoside (IPTG) was added to the culture to the final concentration of 1.0 mM, and growth was continued for a further 5 h. Then the cells were harvested by centrifugation at 7,000 rpm for 15 min, suspended in 5 ml of lysis buffer (25 mM Tris-HCl, pH 8.0, 1.0 mM EDTA, 1% TritonX-100), and disrupted by sonication. Insoluble debris was removed by centrifugation at 11,000 rpm for 30 min, and the supernatant was applied to a HisTrap HP column (GE Healthcare Bio-Sciences, Piscataway, NJ). The fraction eluted with 300 mM imidazole was collected and concentrated, and the buffer was changed to Tris-HCl, pH 7.0, using an Amicon Ultra centrifugation filter (30,000 MWCO) (Millipore, Bedford, MA). The purified proteins were stored at À20 C as a 50% glycerol solution.
SDS-Polyacrylamide gel electrophoresis (PAGE) and western blotting. A solution containing StoL-FEN-1 or StoS-FEN-1 (100 ng/ml) was mixed with SDS-PAGE sample buffer (200 ml of 10% SDS, 60 ml of 1.0 M TrisHCl (pH 6.8), 50 ml of 2-mercaptoethanol, 100 ml of glycerol, 1 mg of bromophenol blue, and 590 ml of distilled water), and heated at 100 C for 5 min. Proteins were separated by 12% SDS-PAGE according to the Laemmli method. 19) After electrophoresis, the proteins in the gel were stained with Coomassie Brilliant Blue R250 (Wako Pure Chemical Industries, Osaka, Japan). For western-blotting, proteins were electroblotted onto a PVDF membrane using a Horiz Blot semidry blotting system (ATTO, Tokyo). After it was treated with 2% BSA-PBS, the membrane was incubated for 1 h at room temperature with a 1:2,000 dilution of anti-6ÂHistidine antibody (BioDynamics Laboratory, Tokyo) in PBS containing 0.05% Tween 20 (PBST). After incubation, the membrane was washed three times with PBST. The membrane was subsequently incubated for 1 h in PBST with a 1:2,000 dilution of anti-mouse IgG HRP-linked antibody (Cell Signaling Technology, Beverly, MA), and washed with PBST three times and with PBS once. HRP-active species on the membrane were visualized using an Immunostaining HRP-1000 HRP detection kit (Konica Minolta, Tokyo). The sequences are taken from the EMBL/DDBJ/GenBank databases (accession no. BA000023). The sequences corresponding to the PCR primers used in this study are underlined, and the previously assigned start codon is double-underlined. The boxed sequence indicates a candidate for the PCNA interaction motif (PIP box).
FEN-1 activity assay. The oligonucleotides (signal probe, target DNA, and UT 0 and UT 1 probes) used for the assay are listed in Table 1 . They were designed with reference to the C677T SNP region of the human methylenetetrahydrofolate reductase (MTHFR) gene.
20)
The 5 0 -end of the signal probe is labeled with fluorescein isothiocyanate (FITC), and its 3 0 -region is complementary to the 5 0 -region of the target DNA. The UT 1 and UT 0 probes are complementary to the 3 0 -region of the target DNA, with UT 1 one base longer than UT 0 . Annealing of the UT 1 and signal probes to the target DNA provide a DNA complex with the overlap-flap structure, which is recognized and processed by FEN-1. However, the UT 0 probe does not form the overlap-flap structure with the signal probe and target DNA (note that the DNA complex has no 3 0 -flap), and thus no endonuclease reaction should occur. Reaction mixtures containing 2 mM of the signal probe, 0.1 mM of the target DNA, 10 mM of Tris-HCl (pH 7.4), 7.5 mM of MgCl 2 , and 0.5% of Tween 20 were heated at 95 C for 5 min and subsequently cooled on ice. Then 0.5 mM of the UT 1 or UT 0 probe and 200 ng of StoL-FEN-1 or StoS-FEN-1 were added to each mixture, which was incubated at 63 C for 1 h. The reaction was terminated by adding 10 ml of loading buffer (95% v/v formamide, 10 mM EDTA, and 0.03% bromophenol blue) and heating the mixture to 95 C for 5 min. Cleaved and uncleaved probes in the reaction mixture were separated by urea-PAGE (7 M urea) and visualized with an FAS-III UV imaging system (Toyobo).
Assays were also carried out with several MgCl 2 concentrations, of 0, 0.1, 0.5, 1.0, 5.0, 7.5, 10, 50, and 100 mM. The effects of pH were also examined using sodium acetate buffers (pH Thermostability measurements. To Tris-HCl buffer (pH 7.0), StoL-FEN-1 or StoS-FEN-1 was dissolved at a concentration of 200 ng/ml. The protein solutions were subsequently heated at 40, 50, 60, 70, 80, 90, or 100 C for 15 min on an aluminum block bath (Taitec, Koshigaya, Japan). The precipitations formed were removed by centrifugation at 14,000 rpm for 10 min, and the supernatants were analyzed by SDS-PAGE in the manner described above. The FEN-1 activity of the supernatants was also assayed as described above.
Sampling and isolation of archaeal strains. Hot water samples containing soil were collected from the acidic hot springs listed in Table 2 . From each sample, a 5 ml solution was inoculated into 50 ml of medium solution; the medium used was JCM no. 165 Sulfolobus medium for Sulfolobus spp. and JCM no. 180 Thermoplasma medium for Thermoplasma spp. The ingredients of the media are available at the website of Japan Collection of Microorganisms (JCM, http://www.jcm.riken.jp/). The culture media were incubated at 80 C for Sulfolobis spp. and at 60 C for Thermoplasma spp. with a BioShaker BR-21FH shaker (Taitech, Koshigaya, Japan). After about one week, the cultures were subcultured into fresh media and incubated again. The passage was repeated twice. Then the cultures were streaked onto 1.0% Gelrite (Duchefa Biochemie, Haarlem, Netherland) plates containing JCM no. 165 Sulfolobus medium or JCM no. 180 Thermoplasma medium. The plates were incubated for 3 ds at 80 C (Sulfolobis spp.) or 60 C (Thermoplasma spp.). Single colonies formed were transferred into fresh media and incubated again. For these isolates, Gram staining was performed for examination by visible light microscopy (Olympus BX 50, Olympus, Tokyo), and bacteria growth under various temperatures and pH levels was examined.
DNA extraction and identification of new isolates. DNA extraction was done according to the method by Zhu et al. 21) Cells were harvested from a 1.5 ml cultured medium by centrifugation at 14,000 rpm for 10 min. The cells were suspended in 50 ml of elution buffer (100 mM Tris-HCl, pH 9.0, 40 mM EDTA), and 10 ml of 10% SDS and 30 ml of benzyl chloride (Wako) were added to the suspension. Then the mixture was kept at 50 C for 30 min, and mixed vigorously every 5 min. After the addition of 30 ml of 3 M sodium acetate buffer, the mixture was kept on ice for 15 min and subsequently centrifuged at 14,000 rpm for 15 min. Genomic DNA was obtained from the supernatant by ethanol precipitation and dissolved in 50 ml of TE buffer.
Identification of the isolates was done based on their 16S rRNA gene sequences. The 16S rRNA gene region was amplified by the PCR method using TaKaRa Ex TaqÔ DNA polymerase (Takara Bio, Otsu, Japan) with the primer sequences listed in Table 1 . The amplification program used was as follows: one cycle of 94 C for 2 min, 30 cycles of 94 C for 30 s, 50 C for 30 s, and 72 C for 90 s, and one cycle of 72 C for 5 min. PCR products were purified with a QIAquick PCR Purification Kit. Sequencing of the purified PCR products was carried out at Macrogen (Seoul, Korea).
Sequencing of FEN-1 homologs from Sulfolobus
and Thermoplasma spp. FEN-1 homologs in Sulfolobus and Thermoplasma spp. were amplified by PCR with the primers listed in Table 1 . The primers were designed with reference to the S. tokodaii genomic DNA sequence (NCBI/DDBJ/GenBank accession no. NC 003106) and T. acidophilum genomic DNA sequence (NC 002578). The amplification program used was as follows: one cycle of 94 C for 2 min, 30 cycles of 94 C for 30 s, 50 C for 30 s, and 72 C for 90 s, and one cycle of 72 C for 5 min. Purification and sequencing of the PCR products were performed as described above.
Results
Sto-fen-1 gene cloning and expression in E. coli We prepared two types of inserts by cloning the Stofen-1 gene from different starting positions: One started from the AUG codon at 319 (according to the numbering in Fig. 1 ) and the other from GGA at 169 (followed by extra AUG). The inserts were cloned into pET-22b and expressed in E. coli Rosetta (DE3) cells to provide His 6 -tagged StoL-FEN-1 and StoTS-FEN-1. SDS-PAGE profiles of the two types of crude cell extracts and purified StoL-FEN-1 and StoS-FEN-1 are shown in Fig. 2 . StoL-FEN-1 and StoS-FEN-1 appear as the 41.0 and 35.4 kDa bands, respectively, which was confirmed by western blotting using anti-6Âhistidine antibody (Fig. 2B) . The results shown in lanes 3 and 4 indicate that the two proteins were well purified, to give practically single bands. For StoL-FEN-1, however, close inspection showed that a weak band was present at a position almost identical to that of StoS-FEN-1 in the western blottings of the purified protein (lane B-3) and the whole cell lysate (lane B-1). We suppose that this minor species was due to possible translation from the original AUG codon, or to protein processing in the host cells, or to some histidine-rich protein inherent to the host cells. Since the content of this species appeared to be quite low, FEN-1 activity and thermostability measurements were performed without further purification.
FEN-1 activity and thermostability of StoL-FEN-1
and StoS-FEN-1 Figure 3 shows the results of a FEN-1 activity assay for StoL-FEN-1 and StoS-FEN-1. When assays were performed with the UT 0 probe, no bands corresponding to the cleaved signal probe appeared, which is in accordance with the expected specificity of FEN-1 (Fig. 3, left) . On the other hand, with the UT 1 probe, only StoL-FEN-1 showed nuclease activity. StoS-FEN-1 did not show nuclease activity even with the UT 1 probe (Fig. 3, right) .
We also investigated the thermostability of StoL-FEN-1 and StoS-FEN-1. These proteins were treated at various temperatures from 40 to 100 C for 15 min, and their FEN-1 activities were assayed in the same manner (Fig. 4A) . The assays showed that the activity of StoL-FEN-1 was maintained up to 80 C, with an apparent decrease under 90 C treatment and complete inactivation under 100 C treatment (Fig. 4A, left) . In contrast, StoS-FEN-1 exhibited no activity in a wide temperature range, 40-100 C (Fig. 4A, right) . Furthermore, SDS-PAGE profiles of heat-treated proteins showed that StoL-FEN-1 formed no appreciable precipitation up to 90 C (Fig. 4B, left) , while StoS-FEN-1 was mostly precipitated even under 50 C treatment (Fig. 4B, right) . To exclude the possibility that the absence of FEN-1 activity in StoS-FEN-1 was due to thermal precipitation at a reaction temperature 63 C, we did the FEN-1 activity assay again by conducting the reaction at 40 C. This assay provided essentially the same results as in Fig. 4 (data not shown) . These results therefore reveal that StoS-FEN-1 lacks both FEN-1 activity and thermostability. This strongly suggests that the pre-ATG region is essential for the activity and thermostability of StoFEN-1.
Dependence of the activity of StoL-FEN-1 on MgCl 2 concentration and pH
A divalent metal ion is required for FEN-1 activity, 22) and it has been reported, for example, that 1 to 10 mM of Mg 2þ is needed for the activity of mammalian FEN-1.
23)
It has also been reported that FEN-1 retains its activity in a broad pH range, of 5-9, with an optimal pH of about 8.8. 8) Hence we investigated the dependence of the activity of StoL-FEN-1 on Mg 2þ concentration and pH (Fig. 5) . FEN-1 activity assays showed that StoL-FEN-1 exhibits its FEN-1 activity in a pH range of 5-9 ( Fig. 5A ) and in a Mg 2þ concentration range of 0.5-10 mM (Fig. 5B) , similar to the reported results for other FEN-1 proteins.
Isolation and identification of Sulfolobus spp. and Thermoplasma spp.
The discovery of the unexpected, importance of the pre-ATG region for StoFEN-1 prompted us to investigate the corresponding sequences of other archaeal strains, and in particular, of other Sulfolobus spp. In this study, we isolated 10 thermophilic archaeal strains from several acidic hot springs ( Table 2) . Some of the microorganisms were Gram-negative and lobe-shaped. On the basis of the 16S rRNA gene region sequences, growth conditions, and some of their form characters, 7 strains were identified as Sulfolobus spp. (S. tokodaii, S. shibatae, S. ohwakuensis, and a Sulfolobus sp. closely related to S. tokodaii and S. yangmingensis), and 3 were as Thermoplasma spp. (T. acidophilum and Thermoplasma sp. closely related to T. acidophilum).
Sequencing of fen-1 homologs in newly isolated Sulfolobus spp. and Thermoplasma spp. strains
The fen-1 homologs in the newly isolated strains were A, FEN-1 activity assay for heat-treated StoL-and StoS-FEN-1. The reactions were performed only with the UT 1 probe (see also the legend to Fig. 4) . B, The 12.5% SDS-PAGE profiles of heat-treated StoL-and StoS-FEN-1. The numbers on the left indicate the molecular weights (kDa) of the standard proteins. For (A) and (B), samples were heated at the temperatures indicated above the respective lanes for 15 min, and then centrifugation was carried out to remove insoluble products formed by the heat treatment.
sequenced, including the pre-ATG region (the sequences obtained are available in the DDBJ/EMBL/GenBank databases under the accession numbers shown in Table 1 ). The sequences in the pre-ATG region as well as those in the post-ATG region are found to have high similarities (96-100%) between S. tokodaii strain 7 and the newly isolated Sulfolobus spp. at deduced aminoacid level (Fig. 6A) . It is interesting to note that, for all of the seven Sulfolobus strains, the pre-ATG region can encode the well-conserved consecutive 51 amino acids in the reading frame identical with those of the post-ATG region. The similarities in the pre-ATG region are not due to Shine-Dalgarno (SD) or promoter sequences, because no sequences typical of them are found in this region. 24) For the FEN-1 homologs from the three Thermoplasma strains, on the other hand, the opal stop codon (UGA) appeared at 6 bp upstream of the putative AUG start codon (Fig. 6A) . Thus the translation most probably starts at this AUG codon for Thermoplasma spp.
A homology search by BLAST showed that the amino-acid sequence in the pre-ATG region for S. tokodaii strain 7 had about 55-60% similarity to those of the FEN-1 N-terminal regions from other types of archaea, such as P. fuliosus, P. horikosii, A. fulgidus, T. kodakaraensis, and Pyrobaculum aerophilum (Fig. 6B) . According to the alignment in Fig. 1B , isoleucine (AUA) in the pre-ATG region (147-145 bp upstream of the AUG codon) corresponds well to the starting methionine (AUG) of euryarchaeotal FEN-1, whose transcription is believed to start from this AUG codon.
Discussion
We first prepared recombinant StoFEN-1 with AUG at 319-321 (according to the numbering in Fig. 1 ) used as the translation start codon (StoS-FEN-1). This codon was the most likely candidate for the start codon. However, the recombinant StoFEN-1 prepared in this manner unexpectedly showed no FEN-1 activity. Alignment to known FEN-1 sequences indicated that StoS-FEN-1 lacks the N-terminal amino acids (about 40-50 aa) which are present in other FEN-1 proteins. Interestingly, the alignment also showed that Sto-fen-1 has a sequence corresponding to these amino-acid sequences in the region upstream of the presumed AUG start codon. Hence we constructed another type of recombinant protein, StoL-FEN-1, which includes an additional 51 amino acids translated from the pre-ATG region. It should be noted that the inclusion of 51 amino acids is the longest possible, because there is an opal codon at 163-165 (according to the numbering in Fig. 1 ). The recombinant StoL-FEN-1 exhibited reasonable FEN-1 activity and thermostability. This finding strongly suggests that the translation of Sto-fen-1 starts from a position upstream of the AUG codon, and that some amino acids, if not all, from the pre-ATG region are included in native StoFEN-1.
To confirm this supposition, we isolated new Sulfolobus spp. strains and sequenced their FEN-1 homologs. The sequencing results showed that the pre-ATG region is highly conserved among the eight Sulfolobus spp. strains (S. tokodaii strain 7 and the seven new strains), which is consistent with the idea that this region participates in the coding region of StoFEN-1. We also isolated three new Thermoplasma spp. strains and sequenced their FEN-1 homologs. The results showed that the opal codon exists at 6 bp upstream of the presumed AUG initiation codon, which excludes the possibility of pre-ATG region translation, as in Sulfolobus spp. Additionally, it has been reported that PfuFEN-1 and AfuFEN-1 have reasonable FEN-1 activity and thermostability when the proteins are expressed from the presumed AUG start codon. 8) Thus the presence of such a pre-ATG region may be characteristic of Sulfolobus spp.
If the AUG codon is not the translation start codon, what is the actual translation start codon in Sto-fen-1? Without the amino-acid sequencing of native StoFEN-1, it is impossible exactly to locate the actual translation start codon. Nevertheless, it would be interesting to discuss candidates for the start codon from the known sequences. On the basis of the BLAST alignments, the starting methionine of FEN-1 from other archaea and eukaryotes appears to correspond to an amino acid in the range Glu-1 to Val-5 (according to the numbering in Fig. 1 ) in the pre-ATG region of StoFEN-1 (Fig. 6B) . Hence it is reasonable to suppose that the translation start codon of StoFEN-1 exists in that area. Several non-AUG start codons have been reported for bacteria, eukaryotes, and archaea. [24] [25] [26] [27] For archaea, it was reported recently that GUG and UUG are often used as an alternative start codon in hyperthermophiles such as P. furiosus, P. horikoshii, and A. pernix (however, S. tokodaii is not included). 24) As in the case of their statement, neither the GUG nor the UUG codon appeared in or near the range Glu-1 to Val-5 (furthermore, neither GUG nor UUG exists in the pre-ATG region). Hence, it is possible that a codon other than AUG, GUG, or UUG works as a start codon for Sto-FEN-1.
Another less probable possibility is that native StoFEN-1 gains its activity and thermostability by forming a complex with other proteins. It is known that a protein factor, PCNA, enhances the activity of FEN-1 in many species by binding to DNA and recruiting FEN-1 as well as other DNA-processing proteins, polymerase, and ligase. For some particular species such as S. solfataricus, 11) PCNA is reported to be essential for FEN-1 activity. 28) In addition, crenarchaeal XPF, another class of structure-specific endonuclease that cleaves the 3 0 -flap, also requires PCNA heterotrimer for its activity. 29) In fact, StoFEN-1 and the sulfolobus spp. FEN-1 homologs sequenced in this study possess a sequence for the PCNA interaction protein motif (PIP box) QTGLDQWF in the C-terminal region (available under the access number shown in Table 2 at the website of DDBJ). Hence it would not be surprising if PCNA is essential for the activity of StoFEN-1. However, it appears highly unlikely that StoFEN-1 requires PCNA (or other proteins acting as a chaperone) for its thermostability. Since Sulfolobus spp. inhabit hot springs, thermolabile proteins would be denatured immediately after expression. This would require some protection mechanisms such as the formation of FEN-1-chaperone complex immediately after or even during the translation of FEN-1. This mechanism is too complicated, and hence we suppose this unlikely, though the possibility cannot be excluded entirely.
In summary, the present findings clearly show that amino acids from the pre-ATG region play an important role in providing activity and thermostability to StoFEN-1 or, at the least, to recombinant StoFEN-1. Furthermore, the sequencing of the FEN-1 homologs in the newly isolated strains indicates that the pre-ATG region is highly conserved among Sulfolobus spp. We propose that the translation start codon for StoFEN-1 is not the formerly assumed AUG codon, but another codon in the pre-ATG region. Many other archaeal FEN-1 proteins have an N-terminal region similar to the pre-ATG region of StoFEN-1. Thus, the N-terminal region in these FEN-1 proteins must also play an important role in presenting their activity and thermostability. A, The sequences of the fen-1 genes from S. tokodaii strain 7 (JCM 10545 T ) and T. acidophilum strain DSM 1728 T (JCM 9062 T ) were taken from the EMBL/DDBJ/GenBank databases (accession nos. BA000023 and BAB65171 respectively). Sequence alignment was performed by ClustalW at DDBJ (http://www.ddbj.nig.ac.jp/search/clustalw-j.html). Dots and asterisks indicate similar and identical amino acids respectively. B, Sequence alignment in the N-terminal region for FEN-1 proteins from some Crenarchaeota, Euryarchaeota, and Eucaryotes by BLAST. The EMBL/DDBJ/GenBank accession numbers are shown before their respective species names. In the parentheses, the identities of (first number) and positives to (last number) to the S. tokodaii FEN-1 pre-ATG region are indicated.
